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Next-generation ideas in the talk by Gabriel



The Interest is Intense

AThe world summary of Ovbb

from 1 kgto 1 kton

Technique
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But, we need to focus on 3
candidates ready for major
funding with US leadership

—>

KamLAND-Zen-800 [13)
KamLAND2-Zen |41}

CANDLES-IIT [84] | '

CDEX-1 |5
CDEX-300w [85]

CUPID-0 119

SuperNEMO-Dem |86
SuperNEMO [S86)

Selena |87]
IFC |88
CUPID-Mo |17]
AMoRE-1 [s9]
AMoRE-11 [s9)
CROSS |90
BINGO |91}
CUPID |28)

('hln.s-lfunqn' |".'|
COBRA-XDEM 93]
Nano-Tracking |f01|

TIN.TIN |95)
CUORE |1n|
SNO -+ |9%)
nEXO |29)
NEXT-100 |97]
NEXT-HD [97]
AXEL |95]

LZ )
PandaX-AT |79
XENONuT [100]
DARWIN [101]

R2D2 [102)
LAr TPC |109)
NuDot |104)
Tueia |105)
JUNO [106)

Slow-Fluor |107]

WCa [ 305 kg
%Ceo 1 kg
®Ge 225 kg
®Ce | 200 kg
*Ge 1 ton
S 10 kg
“Se 7 kg
Ly 100 kg
S
“Se
““.\ln 1 k)(
%% o O kg
Mo | 200 kg
1Mo | 5kg
||‘l.\|.’
1Mo | 450 kg
oo
H5Cd 10,32 ke
e
124G,
— |l ton
" 'Te 391
,v‘XP 5t
1%Xe 100 kg
*¥Xe 1 ton
10y,
1%Xe | 745 kg
I
1¥Xe | 600 kg
1%Xe (3.7 ton
1%Xe (5.9 ton
1¥Ys |50 ton
10y,
*Xe kton
\';m--u-
Xe or Te
Xe or Te
{Xe or Te|

Cherenkov and scint
Cherenkov and scint

wat¢ ‘nkF; scint, crystals
W Ge semicond. det.
" Ge semicond. det
T Ge semicond. det
“*Ge somicond. det.
Zn """ Se scimt
“rSe foils/ tracking
"Se folls/ tracking
“"rSe, CMOS
jon drift Sel, TPC
l.i'”.\‘lb()|.~"llll bolom
w(-“lm_“"()' bolometers
w(-nluu-“”()l bolometers

Liz "™ MoO,, surf. coat bolom

Li"™ " MoO,
Li""" MoO, scint. bolom

TCAWO, scint. crystals

"Cd CZT semicond. det
" Cd CdTe. det
Tin bolometors
Tl )_. bolometers

0.5-3% "*"Te loaded liq. scint
Liq. “"Xe TPC/scitt.
gas TPC
gas TPC
ws TPC

Dual phase nat. Xe TPC
Dual phase Xe TPC
Dual phase Xe TPC

Spherical Xe TPC
Xo-doped LR TPC

“npul ]lq scant
Slow Fluor Scint

bolometers

Xe disolved in liq. scint
" Xe disolved in liq. scint
Dual phase Xe TPC, nat./enr. Xe

in liq. scint
in lig. scint

| Kdlllll ik\

Operating

l)l’u(ul\'p-' ('.”'l.
Construction CJPL
Commissioning| LNGS
Proposal
Prototype LNGS
Operation Modane
Pre -lnmll Modane
Dew lopment
Development
Ptu(ul\"n' LNGS
Operation | Yang Yang
Construction | Yemilab
Prototype | Canfranc
Development | LNGS
Proposal LNGS
Development CJPL
Operation LNGS

Development

Development INO

Operating LNGS
Commissioning | SNOLab
Proposal
Construction | Canfranc
Proposal Canfranc
Prototype
Operating | Kamioka
Development | Kamioka
Operation SURF
Operation CJPL
Operating LNGS
Proposal LNGS
Development
Development

Development
l)r\n |4 »l)nn m
l)q'\l'lnplllc m

Development



The Science Cake
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learn how3 teams plan to find out O n lotcurs at a sensitivity level
recommended by the last LRP and NSAC Subcommittee report.
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A For reference, | poured through review articles / collaboration provided slides / previous NSAC
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A 3 experiments are essentially ready for deployment and are designed for discovery at amguably
similarly range of sensitivity tan, just below the inverted hierarchy

A This meets the charge that NSAC set as a goall

A Uncertainty exists in the NMEsespite significant progres&lut, we will havel5+ years to work
on themwhile experiments are built and collecting data; thisyak in progress

Aldealyz ¢S | R@20I GS | YR K SSuitdoffSkndayiG K oley aidzLil&2 NN A dy
efforts and future R&D. Our community must coherently present this case and support DOE &
NSF and their many international counterparts in forming MOUSs to this effect.

A Multiple & complementary approachese the normin big physics quests
A ATLASCMS /LHCh@LHC;
A BothLEPand SLC were built to study EW physics and UA1 and UA2 to find the W
A 2+ LIGO® detect gravitational waves and BH and NS mergers

A From a personal experiencaote that confirmatiorof the BNL muon-g hint of new physiceame 20 years later
with a new experiment. Ugh.



How did we get to where we are now?

ANSAC Subcommittee evaluations and recommendations
ANSAC 2015 Long Range Ri@rprocess we are now in)

A Sustained funding2 ¥

GRSY2Y&aUNF G§2NE OfF |
In the highem, ,region anddevelop and validate designs that can
reach the full inverted hierarchy at8 d R A a

O2 OSNE ¢

A Initiated focused Theory efforts, especially on NME values

AThe 2021 Portfolio Review
A9l t dzt GAZY 27F

*Not always at levels desired!

I at NBINF Ye
the probability of successeXptsand theory)

AUnderstanding Neutrino Mass through Neutrinoless Doul
Beta Decay (White Paper to this meeting)

REPORT TO THE
NucLear SCIENCE ADVISORY CoMMITTEE

Neutrinoless Double Beta Decay
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Understanding Neutrino
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Mass through Neutrinoless Double Beta Decay

Ton-sc

@ENERGY

from the

llllll

Experiment (TS-NLDBD)

ale Neutrinoless Double Beta Decay
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NSAC 2014 Report on Neutrinoless Double Beta Decay

AExamined status and prospects for
A EX®200, Majorana Demonstrator, CUORE, SN@#mLANEZen, NEXT, arSLiperNEMO

Al 2 y Of dzR XEgcH has t&chnical adéantages and each has significant remaining
challenges to demonstrate sensitivity at a level suitable for covering the inverted neutrino
mass hierarchy regighe

ACKS {dzoO2YYAUUSS NBO2YYSYyRax )
Athat the ccurrent generatiod  SELISNAY Sy da O2yiaAydzS (2 0 S

collaboratiops. continue to work to resolve r,emalr,)mg R&D issuUes in preparation for
OZ2y aARSNJI UA 2gyonZg&nerktioet dali NAY SYy U &

Athat, Newtechniques that offer promise for dramatic reductions in background levels
should also be supported See next talk by Gabrigl
A establishing a theory task force that aims attink Topical Collaboratior]
1. developingcriteria to establish and rank the quality of existing and future calculations,
2. identifying methods to constrain the less tested assumptions in existing approaches.



The NSAC 2014 Report gave guidance on what was needed:

mmm) 1. Discovery potential Favor approaches that have a credible path toward reachiig
sensitivity to the effective Majorana neutrino mass parameten, =15meVwithin 10
years of counting, assuming the lower matrix element values among viable nuclear
structure model calculations

2. Staging Given the risks and level of resources required, support for one or more
mtermedﬁatte stages along the maximum discovery potential path may be the optimal
approach.

mmm) 3, Standard of proof Each nexggeneration experiment worldwide must be capable of
providing, on its own, compelling evidence of the validity of a possible narl signal.

4. Continuing R&DThe demands on background reduction are so stringent that modest
scope demonstration projects for promising new approaches to background suppression
or sensitivity enhancement should be pursued with high priority, in parallel with or in
combination with ongoing NLDBD searches.

m==) 5. |nternational Collaboration Given the desirability of establishing a signal in multiple
Isotopes and the likely cost of these experiments)s important to coordinate with
other countries and funding agencies to develop an international approach

6. Timeliness It Is desirable to push for results from at least the first stage of a next

generation effort on time scales competitive with other international double beta decay

ﬁfforts ra}md with independent experiments aiming to pin down the neutrino mass
lerarchy.



Next up: Th015LRP

RECOMMENDATION Il

The excess of matter over antimatter in the universe is one of the most compelling
mysteries in all of science. The observation of neutrinoless doubledastay imuclei

would immediately demonstrate that neutrinos are their own antiparticles, and would h: §
profound implicationgor our understanding of the matteantimatter mystery.

Majorana
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We recommend theimely development and
deploymentof a U.Sled ton-scale neutrinoless
double beta decay experiment

Aton-scale instrument designed to search for thisyas unseen nuclear decayill provide
the most powerful test of the particlantiparticle nature oheutrinos ever Iper ormedwith
recent experimental breakthroughs pioneered by U.S. physicists, aravtiiability of deep

underground laboratories W€ are poisedo make a major
discovery.

This recommendation flows out of the targeted investments of the third bullet in

recommendation It MUSt be part of a broader program that
Includes U.S. participation in complementary __
experimental efforts leveraging international investments EXG200
together with enhanced theoretical efforts to enable full

realization of this opportunity.
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l 1 9 '??'1-%: {3 Effective Majorana mass
Tl/z G gy M

by ) 9
I l g
Phasespace integral Nuclear matrix element

(higher Q is better) (large uncertainties)

1

Mg [eV]

0vBB decay limit (90% CL). smallest NME
m 1 "E

OVBP decay Timit (90% CL), largest NME "

The experiments
2 N ,___:_'_____':_T:* _ ____ Jll are all aiming at
\ Mga \| T12G

this sensitivity level

107

This is the Physics Metrtd:nat matters
OAU0 gAff oS ISR €
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[ Note: just as reasonable a metric for other physics mechanisms comparisons]



All of the experimentare based on calorimetry of tlie b
summed KE at th@, corresponding to their chosen isotope

— 2vpp BUT, that hardly captures.it

— Ovpp (B.R. = 107

It is really all about optimizing resolution and sigisaloation
ONBRdAzOAY 3 oF O1l3INRdzyRaA0 aAy
events to get a significant signal in ayiéar exposure.

Arbitrary Units

Common aspects are well known:
A Deep underground to avoid cosmic rays
A Ultra radiopure materials
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leferent paths to reach, bbelo the IO
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(Smallem, ;indicate is better)

Note: In all cases, > ~10 fold improvements to below Inverted Ordering

Ton-Scale Goal

GERDA-II| N 1O — L] calculations
MJD | = |
LEGEND-200 -
LEGEND-1000 b
EXO-200 -
— o e
CUORE .
cupn| o= .
1072 10 1

m,, 99.7% CL discovery sensitivity [eV]



Comparison of approaches and isotope characteristics

|sotope 100-Mo 136-Xe

3 s discoverym, ,(10yrs) <18meV <18meV

Q 3034keV 2458keV

Res Goalat Q, ,(FWHM) 0.16% [%eV] 1.9% [4ke\
Backgroundndex: 104/ keVFkg*yr (seefootnote)

Bkgin 1 FWHM in 10 -yr. Net: ~2.2ctsin FWHM Net: 3.2ctsin FWHM**

G { LISIORIFTAD [[(LJ ORSE | 171.4

NME range per white paper Ask Jon Engel Ask Jon Engel

Isotope Mass (total mass) 240 kg (totmass450 kg) 4500 kg (totmass5000kg)
Basic technique High res bolometers with TPC with ionization and ligh

heatand light to rejecbkg to pinpoint decay coordinate

Gt N2dzRé FSI (dLargeQ, above naturah Combination of high
bkgds a rejection from dual exposure/ self shieldingt+
readout; needs least mass t« multivariate analysis to
achieve goalCryovessel isolate signal from bkg.

A Activity per unit mass See: Robertsollod.Phys.Lett.28(2013)1350021

76-Ge

<18meV

2039keV

0.12% [ 2.4keV]

~10° /keV¥kg*yr

Net: 0.25 cts in FWHM
49.6

Ask Jon Engel

975 kg (~11589)

high-resolution Gextals bkg
reject by pulse antlArveto

Nearzerobkgdemonstrated
and best resolution;
iIntermediate 200 kg phase
started to demonstrate plans

A ** nEXCLINE GARSE& | aol O13ANRdzyR AYRSE¢ F2NJ Iy SldaAdlfSyif
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have the same sensitivity to Obb decay per unit mass.
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1 10
Matrix element squared

For each candidate isotope a point is plotted at the geometric mean of the squared matrix

element range limits (as shown in Fig. 2) and the phase-space factor evaluated at gy=1. The
points in order of increasing abscissa value are: B Ca, 150Nq, 136X, 967, 116Cq 1245, 130

8256, T6(Ge, 1000\ [0, and 110Pd.

RobertsonrMod.Phys.Lett.£8 (2013)1350021



A few slides for each experiment

£t FTNB RSOSt2LISR FTNRY OFNA2dza G5SY2yaidNt
L AY (2 Stafedy & Bk Desidlontepts:

| will not mention challenges of obtaining needed isotopes, enrichment, or other
acquisition related tasks. These were all well presented at the Portfolio Review to experts

there

Similarly, costs, project timelines, collaboration streng#iswere also well documented
at the review.

| will not compare NMEs for different isotopes beyond a few generic statements



Reminder CUORE is running through 2024 usin
pure thermal=‘Te detectorsQ), @ 2527keV
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